A cost indicator for the design and multi-objective optimization of reactive distillation columns, designated capacity, was introduced in previous work by the authors. The question of this indicator's effectiveness as a measure of the actual column cost is herein investigated over a number of designs by comparing it with the value obtained by means of conventional costing procedures. The results show that the level of accuracy obtained when using capacity is satisfactory and certainly acceptable for a preliminary design stage. However, in the present work a further refinement of this indicator is proposed, with the incorporation of an additional term, which accounts for the cost of catalyst. This will ensure a more stringent choice of candidate configurations at the early stages of design.
INTRODUCTION
Reactive distillation (RD) combines reaction and separation into the same physical shell. This combination can lead to both economic and environmental gains resulting from process intensification (Malone and Doherty, 2000; Taylor and Krishna, 2000) and therefore to systems with significantly greener engineering attributes (Malone et al., 2003) .
However the design of these systems can prove very complex and costly. Design should therefore be preceded by preliminary studies to assess first the potential adequacy of the technology. With this aim some work was developed to create a framework combining feasible regions and optimization techniques, which supports the design and multi-objective optimization of complex reactive distillation columns, for reacting systems with variable degrees of relative volatilities (Filipe et al., 2008b) . This led to the consideration of RD columns with distributed feeds, with many configurations involving the combination of superheated and subcooled feeds. This combination of feeds provides a source or a sink of heat at specified trays of the columns, which favors reaction while reducing the total reactive holdup requirements.
To assess the impact of employing such combined feeds, a cost indicator, designated capacity, was introduced as a novel optimization objective criterion (Filipe et al., 2008b) . This cost indicator, based on capacity variables (Jobson et al., 1996) , was defined as the weighted sum of liquid and vapor internal flows divided by the total feed to the column. The very large number of alternative designs to be compared, the early design stage character of the decision and the ease of implementation justified the development of this new cost indicator and its preferential use over a detailed cost calculation.
Together with the total number of stages and reactive holdup, this indicator was used to build the Pareto front that contains the efficient set of solutions. Following a strategy of refining the Pareto optimal designs, some aspects related with the practical implementation of a few promising designs were investigated (Filipe et al., 2008a) by means of a number of sensitivity tests on catalyst usage and feed quality. The advantage of using combined feeds was confirmed, as well as the need for a careful selection of the feed qualities.
The capacity indicator proved valuable as an optimization criterion, not only because of its efficiency in comparing thousands of different designs, but also because it effectively limits the range of the feed qualities used. However, some drawbacks have been identified in its formulation, namely it makes no distinction between reactive and non reactive trays, and the RD effective capital and operational costs are not explicitly handled.
This work presents a study where the effectiveness of the proposed cost indicator is assessed and improved. The optimal solutions identified in previous stages of the design and optimization procedure (Filipe et al., 2008b) are now tested at a more advanced level. While doing this and after evaluating the sensitivity of the optimal solutions, some simplifications to the designs are introduced in order to facilitate their practical implementation. For a few designs, the size (height and diameter) of the column, energy and catalyst demands are thus quantified in an Aspen Plus detailed model and the total cost of the column estimated using common cost correlations. These cost values can be correlated with the corresponding capacity values, hence allowing the estimation of new weights for the factors present in the initial capacity definition.
METHODOLOGY
In the current work the base designs used belong to the Pareto front previously built (Filipe e t a l . , 2008b) . The main assumptions for the optimization methodology developed in GAMS to achieve the Pareto front were: steady state operation, constant pressure, vapor-liquid equilibrium at every stage, kinetically controlled reaction occurring in the liquid phase, and negligible heat effects. As a result, the optimal locations for the catalyst, feeds and feed quality were determined for each design.
Aspen Plus simulations, using the RadFrac model and the Ideal property method, support the development of the studies herein presented. All design specifications, such as number of stages, reboil ratio, distillate to feed ratio, location and quality of the feeds, as well as the reactive holdup distribution, are taken from the former optimization results. However, Aspen Plus does not support the direct specification of the feed quality. To overcome this, a modified design specification is implemented: the feed temperature is adjusted to provide the required energy for a change in the internal liquid flow according to equation (1), where F is the feed flow, q the feed quality, and L n-1 and L n the liquid entering and leaving the tray n, respectively.
Equation (2) shows how to calculate the capacity indicator for a column with N stages, where i = 1 refers to the condenser and i = N to the reboiler, V 2 is the total vapor condensed at the condenser, B is the bottom liquid flow and w B and w C are the weights for the boiling and condensing capacity terms, respectively. Both weights were set to unity during the optimization step. 
Since many optimal designs previously obtained tend to be operationally unrealistic (e.g. very large number of feeds, too high or too low feed temperatures, or trays with small catalyst amounts), some modifications were devised in order to facilitate their industrial application. To this effect, a set of these designs were re-examined by running a number of simulations in Aspen Plus, which were initialized with each design data.
In the first part of this work, the sensitivity of optimal designs to variations in reactive holdup (i.e. amount of catalyst) and feed quality is investigated using design cases located at the Pareto front. For the former, case I was selected, which is a design with a low reactive holdup (2.5 kmol) near to the minimum value achieved for the designated number of stages (14). The associated cost indicator value (capacity) is 65.23. The reaction is distributed over 10 stages (3 to 12), and the feed is located on stage 8 with a feed quality of -0.4 (superheated vapor).
To assess the designs' sensitivity to variations in the feed quality and also the scope for the real application of those involving superheated and subcooled feeds, a design case, case II, was chosen with a total of 26 stages (with 14 being reactive, i.e. stages 5 to 18), a total reactive holdup equal to 1.1 kmol and two feed stages (9 and 20), where the feed qualities are +2 and -2, respectively.
For the analysis of capacity and the calculation of total annual costs (TAC), six different solutions were selected (cases 1 to 6). Additionally, three different scenarios (A, B and C) were defined by modifying the original optimal design, which were subsequently applied to each of the selected 6 cases, thus totalizing 18 different cases, as shown in Table 1 .
In scenario A, the number of feeds is limited to two, while maintaining the amount of energy supplied by the feed streams to the column. Scenario B considers a more realistic adaptation, where the number of feeds is also reduced to two, but with upper and lower bounds, respectively 650K and 298K, applied to the temperature. In this same scenario, the cooling requirements of the cold stream are reduced to zero. Scenario C represents a departure from previous ones, since the advantages of using subcooled and superheated feeds are not explored. Instead, feed conditions usually found in industrially operated columns are assumed, i.e. feed streams temperatures at dew and boiling points. The number of feeds is also reduced down to two in this scenario. This set of scenarios thus allows the testing of the capacity index for a diverse range of feed qualities.
TAC are calculated as the sum of the annual capital cost and energy cost, using the correlations reported by Luyben (2000) . Annual capital cost is assumed to be the capital investment divided by a payback period of three years. The column shell, trays, reboiler, condenser, heat exchangers for feeds and corresponding heating utilities, are included in the calculations. The cost of the catalyst is not considered, since capacity is assumed to reflect only capital and utilities cost, but it is accounted for in the multi-objective optimization methodology, in terms of the reactive holdup variable. FT 9, 10, 21 9, 10, 15, 16, 17 9, 11, 12 9, 10, 11 8, 9 , 10 8, 9, 10 F (%) 2 8 , 2 6 , 4 612, 45, 9, 15, 19 60, 18, 22 63, 14, 23 29, 42, 29 46, 38, 16 q 2, 2, -2 2, 2, -2, -2, -2 2, -2, -2 2, -2, -2 2, 1. A system with ideal vapor liquid behavior is employed, i.e., the olefin metathesis system (wherein 2-pentene reacts to form 2-butene and 3-hexene). The physical properties and reaction kinetics are taken from the literature (Okasinski and Doherty, 1998) . The reaction is considered only to occur in the liquid phase with a negligible heat of reaction and ideal vapor-liquid equilibrium behavior at atmospheric pressure. The specifications for the column operation are taken from Hoffmaster and Hauan (2006) , where the goal is to convert a pure 2-pentene feed into product streams of 2-butene and 3-hexene, with a purity of at least 98 mole percent using a feed flow of 2 kmol/h and a distillate to feed ratio of 0.5.
RESULTS AND DISCUSSION

Sensitivity to catalyst amount
Aspen Plus simulations for case I report a slight reduction in the products purity when compared to GAMS results: 97.64% mole fraction instead of 98.00%. The heat effects are not neglected in Aspen Plus as they were in GAMS, and the effect of different molar vaporization enthalpies (2-butene < 2-pentene < 3-hexene) is reflected in the internal flow profile. Figure 1 depicts the vapor profile inside the column. It is noticeable that in the stages above the feed (1 to 7), where the concentration of the component with the lowest enthalpy of vaporization (2-butene) is higher, the number of vaporized moles increases. This effect is less apparent in the stages below the feed stage, and while still present, it cannot be perceived in the figure.
In order to assess the effect of eliminating reactive trays which make only a small contribution, a uniform distribution of the reactive holdup was used. It was therefore evenly distributed by three, five and seven stages around the feed stage, originating a penalization on the purity of up to 0.05%, while increasing the capacity cost indicator up to 0.15%. The design is no longer optimal after this redistribution, but the increased flexibility offered by this new configuration, where the number of reactive trays is reduced, without significant penalties, may be instrumental to improve column operability and its industrial application. The influence of the total reactive holdup amount on product purity is depicted in Figure 2 , for case I with five reactive trays. The reactive holdup was changed proportionally in each tray and, as seen in this figure, the conversion achieved is highly dependent on the reaction availability. There is a noticeable decrease in purity when the reactive holdup is reduced, which is in accordance with the fact that this is a "near minimal" reactive holdup solution, as reported by GAMS. Figure 3 depicts the variation of the capacity and energy supplied to the column through reboiler and feed (Q), when the total reactive holdup is changed. Capacity and energy follow a common trend, which is not unexpected, since the number of stages is kept constant and the column diameter only found to undergo negligible changes. Internal flows and energy consumption are then closely related to each other.
Sensitivity to feed quality
The feed quality is set to have values between -2 and 2 (overheated vapor and subcooled liquid, respectively) in the optimization framework. It was verified that these boundary values are usually selected, in particular, for solutions with low reactive holdup (Filipe et al., 2008b) . These extreme feed qualities are in fact responsible for the reduction of the total reactive holdup. Although interesting from the conceptual point of view and giving insight on how to overcome situations where conversion must exceed the limits imposed by the catalyst (e.g., catalyst deactivation or large volume being required), its practical implementation might be unrealistic. For the particular system used in this section, the range -2 to +2 involves feed temperatures ranging between 689K and 92K which are not feasible. Supplying energy to the column at various locations contributes to a more evenly distribution throughout the column and thus to a reduction in the generated entropy (Tondeur and Kvaalen, 1987) . Using a combination of "hot" and "cold" feeds, it is possible to change the internal flows at specific locations, like the reactive section. Figure 4 shows that for case II, the internal liquid flows increase in the trays located between the upper (F 1 ) and lower (F 2 ) feeds, where subcooled liquid and overheated vapor are used, respectively. Consequently, there is an increase of the liquid flow passing through part of the reactive section. The residence time is thus increased, improving total conversion. It can therefore be expected that by reducing the range of the feed qualities (q 1 and q 2 ), the product purity will decrease, as a result of the reduction in the internal flows. Case II4 is included to show the effect of different feed qualities (see below).
In Figure 5 the effect of varying q 1 and q 2 on product purity is depicted. As expected, purity is more sensitive to the quality of the "hot" feed q 2 , given that it directly relates to the energy supplied to the column. On the other hand, the temperature of F 1 decreases as q 1 increases; hence the available energy in the column is reduced, bringing about a degradation of the product purity.
To further investigate the effect of the feed qualities in double fed columns, a set of scenarios was devised (Table 2 ) from the base case II previously described. Case II1 was created by suppressing the "cold" feed, F 1 , with the whole feed being now supplied through F 2 , as superheated vapor. As a In case II2 the feed condition was set to the usually employed condition, i.e. saturated vapor (q 2 = 0), substantially reducing the energy supplied and, consequently, the product purity. Case II3 was defined after case II2, by manipulating the reboil ratio in order to have the internal liquid flow at the feed stage equal to the one observed in case II. When compared to case II there is a change on the energy supply location, here being transferred through the reboiler, which is less effective as reflected by the reduction observed in product purity (95.18%). In case II4, the value of the reboil ratio is the same as in II3 but now two combined feeds were used, with feed qualities set to 1 (liquid at boiling point) and 0 (saturated vapor). The internal flow at the second feed stage is thus maintained equal to case II, as seen in Figure 4 . Once more the superiority of the combined feeds is confirmed, with the purity increasing to values close to the obtained in case II, with just a small increase in the energy demand. It is therefore apparent that the existence of a liquid feed is desirable to improve column performance through the increased availability of reactant in the liquid phase (where reaction takes place) over the reactive section of the column. The comparison with case II3 clearly shows that increasing the energy supplied is not the right way to increase conversion. Despite II4 being the best case in terms of conversion achieved, the total internal flow is found to be higher than in case II, which reflects directly in the capacity value and energy requirements.
Cost evaluation
The details for the selected cases are shown in Table 1 and the results in Table 3 . The number of stages ranges between 16 and 29, the reactive holdup between 3.2 and 8 and the capacity between 41 and 90.4. As discussed earlier (Filipe et al., 2008b ) the capacity increases with the number of stages (higher internal flows in larger columns) and, for the same design specification, higher product purities require higher capacities (increased residence time in the reactive trays). Column diameter changes only slightly within each scenario, while between scenarios a significant reduction is observed in scenario C when compared to A and B, which is justified by its lower internal flows due to the feed qualities used. Although the design specifications used in the optimization methodology required a purity of 98% in the products, the assumptions made at the optimization stage and the more rigorous calculations employed by Aspen Plus lead to different purities. In addition, the changes in the feed qualities also contribute to this effect. Product purity is greatly reduced in scenario C, especially in the columns with larger number of stages, where the reduction in the internal flows is more noticeable. This reduction in the internal flows, also revealed by the reduction in capacity, decreases the residence time in the reactive trays, thus deteriorating the specifications of the products. Figure 6 depicts the variation of product purity with capacity for scenarios A and B. The reference composition (98%) is indicated by the dashed line. It is noticeable that the adjustments made in the feed qualities increase the products purities in most of the designs at the expense of a penalty in capacity, which is always increased. This is a somewhat expected result as these scenarios are based on optimal designs where the reactive holdup and capacity have been minimized. In addition, contrary to the observed effect for a single column, capacity is found 10 Chemical Product and Process Modeling, Vol. 4 [2009 ], Iss. 4, Art. 2 DOI: 10.2202 /1934 -2659 .1319 not to increase with product purity while comparing different columns, since they correspond to different performance levels. 
Comparison of capacity with total annualized costs
In Figure 7 , the capacity, and the equipment and utilities costs are depicted for scenario B. All these variables decrease as the height of the column decreases (a high case number indicates a low number of stages). It is noticeable that capacity and costs have a fairly common trend, but with the former displaying greater sensitivity at the upper end of the cost curves. The values of TAC and capacity have different orders of magnitude so no direct comparison is possible. To overcome this, the values were normalized for the different designs considered, as follows:
where N is the normalized value of the variable (TAC or capacity), V is the value of the variable, nc is the total number of designs considered (6), and i and k are the design indexes (i,k = 1...nc).
In Figure 8 , left-hand column, the variation of the normalized TAC and capacity are depicted for the different scenarios considered. Although deviations do exist, they are under 40% and hence capacity may be considered an acceptable cost indicator for the early stages of conceptual process design. Furthermore, it is also advantageous when the design is not yet fully specified, since under these circumstances only the knowledge of internal flows and feed flows is required. In addition, its calculation is straightforward, making it adequate for the comparison of very large number of designs.
Cost indicator reformulation
The effect of weights w C and w B on the capacity cost indicator was assessed and the results shown in Figure 9 were obtained. It is concluded that the values for the individual boiling and condensing capacity terms typically differ less than 5%, which makes the capacity indicator quite insensitive to their relative weight. This justifies the assumed values of w B = w C = 1, employed in the current study.
Capacity was initially used to account for costs when minimizing the total reactive holdup (Filipe et al., 2008b) , originating a multiobjective optimization problem. However, if the cost of the catalyst could be incorporated into the capacity indicator, a single objective function could be used in the optimization and hence the identification of the best designs would be more straightforward.
The following procedure was used to reflect the cost of the catalyst in the capacity index:
1. Specify the unit cost of the catalyst (C cat ). In the absence of reliable information, this cost was assumed to be equivalent to 10% of the average TAC over the eighteen designs used (%TAC). 
where α is a coefficient that translates the unit cost of the catalyst in terms of the dimensionless capacity, which is determined by adjusting the values of C R to TAC C (subjected to previous normalization using equation (3)).
The parameter α was then estimated so as to minimize the error defined as the sum of squares of the differences of the normalized values:
This methodology was applied to scenarios A, B and C and the results are presented in Figure 8 , right-hand column. A much more satisfactory agreement is now observed between the two curves, when compared with the ones for the unmodified TAC and capacity indicators. Table 4 presents the values of α and the associated errors when using different percentages of TAC to calculate the cost of the catalyst. These scenarios are helpful in situations where the exact price of catalyst is unknown or when we want to include the effect of catalyst deactivation in column operating costs. The value of α is found to increase with the %TAC, while the error decreases. This behavior is to be expected since the contribution of TAC becomes less dominant as the cost of catalyst increases. 
CONCLUSIONS
This paper analyzes the use of performance indicators for the design of reactive distillation columns, in particular a cost indicator previously used in the classification and screening of several thousands of preliminary designs. Preceding this evaluation of the cost indicator, a sensitivity analysis is conducted on some design variables, such as the reactive holdup and the feed quality, using an Aspen Plus model. The results showed that the assumptions made at the optimization stage introduce deviations in the results. It was also found that the range chosen for the feed quality in the optimization stage is not appropriate for industrial practice, leading to unrealistic temperature ranges. The advantage of using combined feeds was verified, together with the need for a careful selection of the feed qualities. The insights gained with this analysis were helpful in setting up the scenarios to evaluate the cost indicator.
The total annualized costs were calculated and compared to capacity indicator values, for several different designs derived from the optimal designs previously obtained from optimization runs, performed in GAMS. The results show that capacity and costs display a common trend, within an error considered to be acceptable for preliminary design analysis.
However, and with a view to further improve its selectivity, a reformulation of the capacity indicator was subsequently undertaken in order to account for the cost of catalyst. This led to the estimation and inclusion in the capacity indicator of a new term, ensuring a better agreement with a modified TAC which also accounts for the cost of the catalyst.
The influence of the boiling and condensing relative weights used in the definition of capacity was also assessed with a view to improve the accuracy of this indicator, but no significant improvements could be achieved as the contribution of the two terms is fairly balanced.
On-going work aims to establish the extent of the gains in the early optimization design stages by the use of the present reformulated capacity indicator and also any likely gains to be achieved by revising the boiling and condensing relative weights during the actual optimization process. The design of reactive distillation columns is a challenging task and an effective design framework could significantly contribute to ease the job of field practitioners.
